Introduction
The structure of biological tissues can be considered to be spatially inhomogeneous. In order to describe the transformation of polarized light in such complex media the most general approaches based on the Mueller matrix or Jones formalism have to be involved [1] [2] [3] . At present, there are many practical techniques based on measurement and analysis of Mueller matrices and/or the Jones vector of investigated depolarizing diffuse biological objects used in biological and medical research [4] [5] [6] [7] . In recent times, laser polarimetry has Mapping of polycrystalline films of biological fluids utilizing the Jones-matrix formalism blood, urine, bile, saliva, etc), for which laser polarimetry techniques have not been used much [16, 17] , mean that further development of laser polarimetry is required. Besides, the Jones-matrix formalism is more appropriate for describing the transformation of non-depolarizing objects in terms of their diagnosis by polarized laser light.
There is also growing interest in dislocations of phase singularities [18] , and in solution of the inverse problem, i.e. reconstruction of the spatial distribution of the phase of polarized light that has propagated through optically anisotropic, polycrystalline, optically thin biological layers [19, 20] .
In the current study in the framework of a generalization of the polarization-based approach for diagnosis of optically anisotropic thin layers (more specifically bile films), we are focused on the development of 2D polarization-phase reconstruction of anisotropy of polycrystalline networks with the final aim of early diagnosis of cholelithiasis. This disease occurs latently and can be diagnosed only in quite late stages, when the crystalline concretions have already been formed. The World Health Organization has reported that a number of people in the world suffer seriously from cholelithiasis.
Materials and method
Based on the approach developed previously [15, 16] , we utilize the phase anisotropy, namely optical activity and linear birefringence, of the polycrystalline structure of films of biological fluids. The basic theory of phase anisotropy of such polycrystalline films is used to interpret the experimental data.
The Jones-matrix formalism is utilized to study the propagation of laser waves through a thin, optically anisotropic medium. In this approach the optically thin film is represented as a series of N layers with a phase anisotropy associated with linear (δ) and/or circular (θ) birefringence. The corresponding Jones matrix of an optically thin layer with phase anisotropy {J} can be presented as [8] 
where U = θ 2 + 0.25δ 2 0.5 . Gerard [21] suggested another notation for Jones matrices, when matrix {J} is written as real R ik (modulus) and imaginary Θ ik (phase angles) components:
Comparing expressions (1) and (2) enables us to determine the interrelations between them:
and on this basis to obtain the algorithm for reproduction of the polarization of the phase anisotropy parameters for the optically thin birefringent layer:
The measurements of coordinate distributions of the Jonesmatrix elements were performed in the experimental setup presented schematically in figure 1 . The bile film samples were illuminated by the parallel (diameter ∅ = 2 × 10 3 µm) weak (W = 5 mW) beam 1 of a He-Ne laser (λ = 0.6328 µm). The use of a collimated illuminating beam provides the same conditions of transformation of the polarization states at different points of the illuminated area of the object. This allows comparative studies between different groups of samples. The polarization light source consisted of a quarter-wave plate 3 and polarizer 4. The image of the samples 6 was projected into the light-sensitive plane of a CCD camera 10 (The Imaging Source DMK 41AU02. AS, monochrome 1/2ʺ CCD, Sony ICX205AL (progressive scan); resolution-1280 × 960; sensitivity-0.05 lx; dynamic range-8 bit; SNR-9 bit) by means of optical system 7. In this experimental arrangement 7 designates an image-forming apparatus, which consists of a strain-free objective (Nikon CFI Achromat P, working distance-3.0 mm, focal distance-50 mm, NA-0.1, magnification-4×) and a tube lens (focal distance 200 mm). Polarization analysis of the sample images was performed by means of quarter-wave plate 8 and polarizer-analyzer 9. The values of R ik and Θ ik were measured using the classical technique described in Gerrard's book [21] .
The distributions of polarization states in this image are uniquely associated with the distribution phase anisotropy parameters, because the manifestations of dichroism or diattenuation in the 'red' region of the spectrum are minimal. This allows solution of the inverse problem-the reconstruction of the distribution of values of the phase shift between the orthogonal comp onents of the amplitude of the polarized laser radiation. The exper imental implementation of the criterion of single-scattering mode is the value of the extinction coefficient τ , which can be measured on the basis of the Beer-LambertBouguer law. For bile films the ratio between the intensities of the incident and transmitted forward laser radiation lies in the range 0.92 I/I 0 0.98 ↔ 0.087 τ 0.098. On the basis of equations (6) and (7), the parameters of phase (q ≡ θ, δ) aniso tropy were found for each pixel of the CCD camera. For objective assessment of N histograms of distributions q ≡ θ, δ the set of statistical moments of the first to fourth orders (mean M 1 , dispersion M 2 , skewness M 3 and kurtosis M 4 ) was determined in a similar way to that suggested in [8, 9] . It was determined that for the bile film taken from a donor (see figure 2(a) ), the value of linear birefringence is sufficiently small if compared to the sample (see figure 2(b) ) from cholelithiasis patients. The main extremes of histograms N (δ) of group 1 (see figure 2(c)) are localized in the area from δ = 0.1 × 10 −1 π to δ = 0.13 × 10 −1 π. For group 2 (see figure 2(d) ) bigger values of phase shifts, δ = 0.32 × 10 −1 π to δ = 0.41 × 10 −1 π, are the most probable. Thus, the increases in mean ( M 1 ↑) and dispersion ( M 2 ↑) of histograms N (δ) appears to be a statistical indicator of the cholelithiasis condition. In that case the statistical moments of higher orders (skewness ( M 3 ↓) and kurtosis ( M 4 ↓)) decrease. Physically, the obtained results can be related to the known data from biochemical analysis-a greater concentration of the liquid-crystalline fraction consisting of the set of liquid acicular crystals of fatty acids and cholesterol monohydrate in the bile film from cholelithiasis patients.
Results and discussion
The similar tendencies to those in δ are determined in the statistical changes of parameter θ (see figure 3) , characterizing the optical activity of spherulitic crystals of calcium bilirubinate in bile films. Due to the increase in concentration of such crystals in the bile of cholelithiasis patients, the probability of greater values of θ, formed by the sample of group 2, increases (see figure 3(d) ). Quantitatively this illustrates the increase in the probability of forming greater values θ = 0.7 × 10 −1 π to θ = 0.95 × 10 −1 π in distributions N (θ) (see figure 3(d) ). In other words, the following statistical scenario is realized for the pathological state:
For the possible clinical application of both methods the following were determined for each group of samples [22] [23] [24] (table 2) .
Differentiation of polarization-phase tomograms of bile layers was performed by cross-sectional comparison of distribution histograms M i=1;2;3;4 (q). If the mean value of some moment M i (q) in the test group 1 is not within the standard deviation σ of the investigated group 2, the difference between moments M i (q) is considered statistically reliable. Then the analysis of the region of overlap of histograms M i=1;2;3;4 (q) that determine the sensitivity Se, specificity Sp and accuracy Ac appears to be relevant.
The comparative analysis of the data obtained (see table 1) showed that the differences between the values of average M i=1;2;3;4 (q) moments of all orders are statistically reliable. However, there is an intergroup overlap for all histograms N(M i ). Moreover, the range of such an overlap is inversely proportional to the value of the difference between the averages M i=1;2;3;4 (q). The following quantitative differences between average statistical moments M i (q) are determined: (ii) Circular birefringence for statistical moments M i=1;2;3;4 (q) characterizing the distribution θ, formed by optically active structures of bile film; the following differences are determined: {∆M 1 (θ) = 1.33; Table 2 . Operational characteristics of the method of Jones-matrix reconstruction of the polycrystalline structure of bile films.
As the data presented show, the statistical moments of the third and fourth orders characterizing the histograms N(q) of the bile films of both groups of patients prove to be the most sensitive. On the other hand, the greater ΔM i=1;2;3;4 (q) is, the more informative (S e ↑, S p ↑, A c ↑) the method appears to be. Table 2 presents the parameters of the polarization-phase method of Jones-matrix reconstruction of the phase anisotropy of polycrystalline films of bile.
The comparative analysis of operational characteristics of the method of Jones-matrix polarization reconstruction of the polycrystalline structure of bile films revealed clinically optimal parameters (those for M 3 The obtained results enable us to state a rather high level of accuracy of Jones-matrix polarization-phase tomography. According to the criteria of probative medicine [24] the parameters M (δ, θ) ∼ 90% − 96% correspond to high quality.
Conclusion
To sum up, the model of generalized optical anisotropy and the technique of Jones-matrix reconstruction of the optical anisotropy parameters of polycrystalline bile films have been introduced. On this basis the Jones-matrix algorithms describing the polarization nature of partial mechanisms of optical anisotropy of biological fluids were defined. By means of statistical analysis the interconnection between the first-to fourth-order statistical moments of the anisotropy parameters of bile films and the changes in the structure of bile in healthy people and in cholelithiasis patients were determined. The efficiency has been proved of Jones-matrix reconstruction of the optical anisotropy parameters of bile films in diagnostics of the early stages of cholelithiasis.
